Study Design. Loads acting in vivo on a vertebral body replacement (VBR) and the shape of the back were measured.
The internal loading conditions of the spine are hard to measure and therefore not well understood. Nachemson and coworkers [1] [2] [3] were the first to measure the intradiscal pressure (IDP) in the nucleus pulposus of an intervertebral disc. They demonstrated that the IDP is about 40% higher (range: 15%-67%; n ϭ 6) for sitting on a stool than it is for standing. 2 This finding was confirmed by Andersson et al, 4 helping to form the common opinion in medicine and ergonomics for some 30 years that prolonged sitting, particularly at work, should be avoided to avoid low back pain due to the higher IDP. As a result, spine-injured patients were also often not allowed to sit after surgical treatment. This essential restriction for the patients was known to substantially reduce their quality of life.
In the 1990s, contradictory results were reported. Althoff et al 5 measured the body height of 10 patients after prolonged sitting using stadiometry. They observed an increased body height while in a prolonged sitting position compared to their body height during standing (mean: 2.0 mm; range: 0.5-3.0 mm), indicating a higher spinal loading while standing due to a compression of the intervertebral discs. Rohlmann et al 6 -8 measured the loads using an internal spinal fixation device in vivo and found an average reduction of 11% (range: Ϫ25%-1%) in a sitting position compared to standing for 10 patients. Wilke et al 9, 10 and Sato et al 11 repeated the IDP measurement as suggested by Nachemson et al, 1 ,2 using more advanced pressure transducers. In a single volunteer, Wilke et al 9, 12 found a 10% lower IDP in a sitting compared to a standing position. Their results, therefore, supported the findings of both Althoff et al 5 and Rohlmann et al. 6, 7 In contrast to these measurements, Sato et al 11 measured a higher IDP in 8 patients when seated compared to standing (mean: 17%, range: 1%-109%). Recently, Rohlmann et al 13, 14 measured the loads on a vertebral body replacement (VBR) in 3 patients in vivo and found an average 21% (range: Ϫ4%-47%) higher force for sitting than for standing; results that were in contradiction to their own initial findings.
These contradictory results do not provide any answer to the essential question, of which position pro-duces higher spinal loading. The principle difference seems to lie in the posture of the measured subjects. Rohlmann et al 13 found that the position of the arms during sitting affects the spinal loads, but the effect of arm position on the load ratio between sitting and standing was not investigated. Furthermore, the load ratio between sitting on a stool and standing varied strongly within the different investigations, indicating a large interindividual variance of the results. Numerous studies have also noted the high degree of interindividual variability in the sagittal alignment of the spine, 15, 16 suggesting a correlation between the individual curvature of the spine and the spinal load. 6, 9, 11 Therefore, the aim of this study was to measure the loads acting in vivo on a VBR in both sitting and standing positions, and thus to find an explanation for the contradictory results in literature about the spinal load for these positions. It was hypothesized on the one hand that there is a relationship between the individual spinal shape and the ratio of spinal load between sitting and standing, and on the other hand that the arm position strongly affects the load ratio between these 2 body positions.
Materials and Methods

Instrumented VBR
The clinically used VBR Synex (Synthes Inc., Bettlach, Switzerland) was modified to include 6 load sensors, a telemetry unit, and a coil for inductive power supply ( Figure 1 ). The modified implant thus allowed the in vivo measurement of 3 force and 3 moment components at a sampling frequency of about 125 Hz and has been described in detail elsewhere. 17 Average measurement errors were within 2% for force and 5% for moment components, as related to the maximum calibration values of 3000 N and 20 Nm, respectively. These telemeterized VBRs were implanted into 5 patients (P1-P5), each of whom had a compression fracture of a vertebral body. Data regarding the patients' gender, age, height, body mass, and fractured vertebra are provided in Table 1 . The Ethics Committee of our hospital approved implantation of the modified implants in patients. Before surgery, the procedure was explained to each patient, and they gave their written, informed consent to implantation of the modified VBR and subsequent measurements.
The patients were first treated with internal spinal fixation devices implanted using a posterior surgical approach. In a second surgery, parts of the fractured vertebral body and the adjacent discs were removed and the telemeterized VBR was inserted in the corpectomy defect ( Figure 1 ). Autologous bone material was used to cover the implant.
Load Measurements
All measurements were performed after hospitalization at a time when the patients no longer had any wound pain. During the measurements, a power coil was placed around the patient's trunk at the level of the VBR to provide an inductive power supply, and a loop antenna on the patient's back received the signals of the telemetry. These signals were stored on a videotape together with videos of the patient activities. In addition, a notebook calculated the spinal loads from the signals and synchronously displayed the corresponding load patterns. The patients were first asked to stand and to sit relaxed on a stool with their arms hanging freely at their sides. No further instruction was given. The implant loads were measured in up to 11 measuring sessions (Table 1 ) over a period of up to 30 months. The exercises were repeated several times during a session. In this study, the resultant force was evaluated as the geometrical sum of its 3 components and presented as a compressive force. The resultant forces for each repetition of sitting during each single session were averaged and related to the average value for standing, to access the average sit-to-stand load ratio for the session. Subsequently, these values for the different sessions were further averaged to calculate the median sit-to-stand load ratio for each patient.
In addition, the implant loads were measured during sitting when the arms were placed on the thighs and these values were compared with the loads when the arms were hanging down. The patients, therefore, changed the position of their arms several times within several sessions ( Table 1 ). The averages of the resultant forces were then compared for the 2 different arm positions, with the results of several sessions averaged to get a median value for the load ratio of the 2 sitting positions.
Rasterstereography
Rasterstereography 18 (Formetric III, Diers International GmbH, Schlangenbad, Germany) is a method of 3-dimensional optical surface measurement based on the principles of photogrammetry. A system of white light lines is projected onto the back of the patient and observed from a different direction. The surface contours of the back can then be determined from the distortion of the white lines observed, allowing the individual spinal shape to be reconstructed. 18 The back shape of the 5 patients was measured for standing and sitting with the arms hanging. In the measuring mode "three-dimensional average," 30 single measurements in 3 seconds were averaged to reduce the influence of small posture changes. For each patient and posture, several parameters describing the back were determined, including, among others, total and partial kyphosis and lordosis angle, and the distance between the vertebral prominens and characteristic back points (Figure 2 ). These measurements were repeated several times, and the average spinal characteristics calculated ( Table 1 ). The intrinsic accuracy of this optical surface measurement is estimated to be approximately 1 mm and the reproducibility of the angle measurement is specified as 2.8°.
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Evaluation
The back shape parameters of the 5 patients were compared with their median sit-to-stand load ratios (sitting with the arms hanging down). For this, the notation of the patients (P1-P5) was chosen according to the ascending median value of the load ratio. This allowed an easy recognition of spinal shape parameters that had the same trend. The level of significance was about 3%, assuming the rank order of the 5 patients is the same.
Results
Spinal Loads for Standing and Sitting
The force component in the axial direction of the VBR was always the dominant component and thus had the greatest influence on the resultant forces, which varied strongly both intra-and interpatient, and depended on the postoperative time and other influences such as small postural changes. The mean resultant force on the VBR for the 5 patients varied between 43 and 305 N during standing (Table 1) . In all 5 patients, the loads were higher for sitting when their arms were hanging down than for standing, with a median increase of 40% (range: 7%-128%) (Figure 3 ). The moments acting on the implants were low and differed only slightly between sitting and standing.
Spinal Shape in Standing and Sitting
The total kyphosis angle of the thoracic spine differed only slightly between sitting and standing (Figure 4) , whereas the total lordosis angle of the lumbar spine differed considerably, because of the pelvic tilt during sitting. There were large interindividual differences in the spinal shape between the 5 patients.
Comparison of the Resultant Force and Spinal Shape
Both the sit-to-stand load ratio, and the total kyphosis angle increased in the same manner (range: 41°-67°) Figure 2 . Spinal shape parameters measured using rasterstereography. The total kyphosis angle was measured between the tangents at the cervical-thoracic-inflection point (ICT) and the thoracic-lumbar-inflection point (ITL). The total lordosis angle was the angle between ITL and the tangent at the lumbar-sacral inflection point (ILS). VP indicates vertebra prominens; LA, lordosis apex.
( Figure 4) . In contrast to these findings, there was only a low relationship between the total lordosis angle and the individual load ratio.
The distance between the vertebra prominens and the lordosis apex also showed the same trend as the load ratio ( Figure 5 
Spinal Loads During Sitting With Different Positions of the Arms
Placing the arms on the thighs while sitting reduced the resultant forces on the VBR strongly, when compared to the arms hanging down (Figures 6, 7) . On average, the resultant force on the VBR was reduced by 13%. The median force decreases varied between the patients: 6% (P1), 8% (P2), 11% (P3), 41% (P4), and 2% (P5). Furthermore, the maximum force reductions due to placing the arms on the thighs varied between 22% (P5) and 65% (P2).
Discussion
The loads on a telemeterized VBR were measured in 5 patients while sitting on a stool with 2 different arm positions as well as while standing relaxed. In addition, the individual spinal shape was determined using rasterstereography and compared with the results of the load ratio measured for the 2 body positions. It could be shown that the sit-to-stand load ratio varies strongly between the 5 patients and depends on arm position and individual spinal shape.
This study has some limitations: The advanced telemetry techniques built into vertebral implants have been implanted in only a small cohort of 5 patients. Therefore the methods used are almost unique, but the limited numbers indicate that no statistical evaluation was possible. Since the position of the head seemed to affect the loads on the VBR, only measurements where the patients kept their head in nearly a neutral position were evaluated, but small movements and variations in the body positions could not be avoided. The number of measurements (up to 39) varied between the different patients, as did the postoperative time. However, in most other studies, the load measurement was performed only once and for a short time, thus representing the loads only at a single instant. Telemeterized VBR were implanted at different levels. The absolute values of the spinal load depend on the spinal level. A comparison of measurements taken at different levels is therefore problematic. The effect of the spinal level on the sit-to-stand load ratio measured at the same day, however, should be small.
At the implant level, the spinal load was shared between the VBR, the internal spinal fixation device, the remaining part of the vertebra, and the added bone graft. The loads acting on a VBR, therefore, represent only a part of the spinal load. Although it may be argued that the posterior instrumentation could strongly affect the loads on a VBR, finite element analyses have demonstrated that only a small part of the total load is actually transferred through the remaining bone structures and the internal spinal fixation device. 21 At this point, the VBR will carry progressively less of the load with increasing stiffness of the added bone material. 22 Furthermore, the measured spinal loads also depend, among other things, on the body weight of the patient and the level of implantation. For these reasons, only the median of the sit-to-stand load ratios-measured on the same day-have been compared between the patients, thus Comparison of median sit-to-stand load ratios (left scale) and the total kyphosis and lordosis angles for standing and sitting (right scale). The patients P1 to P5 are sorted in an ascending manner according to their median value of the sit-to-stand load ratio. The same trend for this load ratio and the total kyphosis angles indicates that there is a strong relationship between the sit-to-stand load ratio of the VBR and the spinal shape.
removing any influence of the loading interactions between the internal structures.
Contradictory results about the spinal loads for sitting in relation to standing exist in the literature. Several attempts have been made to explain this principle difference, including a variation of the upper body inclination 23 or differences in the measuring technique. 5, 9, 12, 23 In addition, some studies have examined patients directly, 2,13 whereas in others, healthy volunteers have been assessed. 9, 11 Furthermore, the ages of the patients/ volunteers have varied greatly. 11, 13 For the first time, this study now presents conclusive evidence demonstrating the conditions under which the loading conditions between sitting and standing can be compared.
In the present study, the resultant force was 40% higher on an average for sitting with the arms hanging at the sides than for standing. The current measurements with a telemeterized VBR, therefore, support the early findings of Nachemson, who also found 40% higher IDPs for sitting [1] [2] [3] in the same posture with the arms hanging at the sides, as suggested by drawings in his papers. The position of the arms seems to play a key role in determining the spinal loads, a finding that corroborates our hypothesis. The arm positions, however, were not the same in the studies that found contradictory results to the study of Nachemson. [1] [2] [3] In the studies of Althoff et al, 5 Wilke et al, 9, 10 and Rohlmann et al 6,7 the subjects' arms were placed on the thighs-a posture that reduces the spinal load considerably. The results of the current investigation showed that the load relief, due to load transfer via the arms, can reach values higher than 50% of the load carried by the VBR. A direct comparison of studies with different arm positions is unfortunately not possible. This difference in arm positions could, however, explain the contradictory results of spinal loads found for sitting relative to standing.
Besides the position of the arms, the forces in a sitting position are influenced considerably by the inclination of the upper body. Flexion of the upper body increases spinal loading 9, 11, 13 by shifting the center of gravity anteriorly and increasing the muscle forces required to achieve equilibrium. Often, the loading relief in sitting by placing the arms on the thighs was linked with a slight upper body flexion, thus counteracting the potential reduction of spinal loads. This variation in upper body posture could therefore explain the high inter-and intraindividual variance of the load reduction. For instance, patient P4 showed nearly no inclination of the upper body while seated with the arms on the thighs and it is probably for this reason that he demonstrated the highest load relief of all patients.
The spinal shape is a further factor affecting the sit-tostand load ratio, and it also affected the ranges of these ratios in the different studies. Patients with a strongly curved thoracic spine in standing, and thereby a more caudally placed lordosis apex, had a higher spinal load while they were sitting compared to standing. Thus the hypothesis that there is a correlation between the individual spinal shape and the sit-to-stand load ratio could be corroborated. Schwab et al 24 showed that an increase in thoracic kyphosis led to an anterior shift of the gravity line in front of all vertebrae of the spine with an increased lever arm for the gravitational force and an increased upper body inclination. In addition, the rasterstereography measurements of the present study showed that the upper body inclination increases during sitting in comparison to standing. Therefore, a more strongly increased thoracic curvature seems to induce higher dorsal trunk muscle forces in sitting for the upper body stabilization, resulting in higher spinal loads. As a consequence, there is a large interindividual variation of the sit-to-stand load ratio when one considers the large degree of variability of the sagittal alignment. 15, 16 The large interindividual variation not only often leads to a large range of results within any one study, but can also partially explain the differences in spinal loading between different studies, especially as the number of patients or volunteers is mostly low in such in vivo studies. With advancing age, the thoracic kyphosis increases 24 and the position of the head moves anteriorly, 25 explaining the high spinal sit-to-stand load ratio for the elderly patients of the present investigation. All of these findings confirm that this load ratio depends on numerous factors, but particularly posture (body inclination, relaxed, or erect), 6, 9, 12 the position of the arms (on the thighs, armrest), 10 the use of a backrest, 6,10 the individual spinal shape, and head posture. Although the statement of Nachemson [1] [2] [3] that spinal load during sitting is 40% higher than that during standing is indeed correct under certain conditions, it would appear to be an oversimplification of the physiologic reality.
Is the spinal load higher for sitting than for standing? The results of this study indicate that the answer is not a simple yes or no. Compared with standing relaxed, there is a higher postural variability during sitting as the supporting area is much larger. Sitting in a chair while leaning against the backrest can reduce the spinal load drastically 6, 10 and is thus nearly always lower than it is for standing. However, when comparing spinal loads for sitting and standing, the patients/volunteers were generally sitting on a stool. Subsequently, placing the arms on the thighs reduces the spinal loads while upper body flexion leads to higher spinal loading. In addition, the sit-tostand load ratio depends on the individual spinal shape. A strongly curved thoracic spine in combination with hanging arms results in clearly higher spinal loads for sitting than for standing (P5) whereas a slightly curved spine and arms on the thighs leads to similar or even lower loads (P1).
In conclusion, for the first time, we have been able to show that arm position and spinal shape are explanations for the different spinal load ratios found in the literature, which focuses on sitting and standing. When patients, especially those with a strongly curved thoracic spine, should reduce the spinal load, e.g., shortly after surgery, they should sit on a chair instead on a stool and support their upper body by the arms.
Key Points
• The loads on a VBR and the shapes of the back during sitting and standing were measured in vivo in 5 patients using telemeterized implants and rasterstereography, respectively.
• The position of the arms during sitting has a strong effect on implant loads.
• The curvature of the thoracic spine has a strong influence on the measured sit-to-stand load ratio. 
